Recent quantitative measurements of the orbital to spin magnetic moment ratio mL/mS in electron magnetic circular dichroism (EMCD) experiments have given a mL/mS ratio that is larger than commonly accepted values. We demonstrate here that plural scattering may noticeably influence the mL/mS ratio. An equation is derived which describes its influence as a function of the spectral integrals of the plasmon scattering region and zero-loss peak. The influence of the electron-plasmon scattering can be removed when electron energy-loss spectra of the ionization edge are deconvoluted by the low-loss signal. For a bcc-Fe sample we obtain mL/mS= 0.04 after plasmon removal. We conclude that the plural scattering should be considered when extracting quantitative information from EMCD measurements.
Electron magnetic circular dichroism (EMCD) is a young experimental technique,
1 which in principle allows to extract atom-specific spin and orbital magnetic moments from electron energy-loss spectra by applying EMCD sum rules. 2, 3 This technique, as compared to its counterpart x-ray magnetic circular dichroism (XMCD) 4 , brings a promise of nanometer or even sub-nanometer spatial resolution 5, 6 with bulk sensitivity using a standard transmission electron microscope (TEM).
Recently a few works reported the first EMCD evaluations of the orbital to spin moment ratios m L /m Sfor bcc-Fe 0.09 ± 0.03, 3 0.08 ± 0.01, 7 and for hcp-Co 0.14 ± 0.03 8 ). It should be noted that all these values overestimate the m L /m S ratios as measured by Chen et al. 9 using XMCD (0.043 for bcc-Fe and 0.095 for hcp-Co). In this paper we demonstrate that a possible explanation of this overestimation is based on plural scattering, i.e., low-loss excitations accompanying the core-level ionization processes.
In our recent work 7 we reported measurements of energy-resolved diffraction patterns on a 20 nm bcc-Fe thin film, which were acquired in two-beam (2BC) and three-beam (3BC) case orientations of the sample. Based on symmetry arguments 6,10 the 3BC is preferred and a new double difference procedure has been introduced for extraction of the magnetic component of the signal. The electron energy-loss spectra (EELS) were in Ref. 7 processed for every pixel in reciprocal space and thus evaluated by extracting data from maps of the signal. Instead of working with m L /m S values from individual pixels it is possible to use averaged spectra from the same set of data 11 , which should lead to the same results under symmetrical conditions 10 . Here, spectra were obtained from the data cube of Ref. 7 (after application of point blem-
Illustration of the influence of plural scattering. Top: convolution of the low-loss region, consisting of zero-loss peak and plasmon peak (at EPL), with a peak at EL 3 leads to a double-peak structure. Bottom: the same procedure applied on L2 peak. If EL 2 is close to EL 3 + EPL, then the L2 peak is enhanced by the plural scattering accompanying the L3 excitation.
ish removal, cross-correlation and rotation, see Refs. 6,7 for details) by selecting two virtual apertures of 70×70 pixels (corresponding to a square of size G (200) /2), according to the optimum position and size determined in Ref. 7 . Each spectrum was thereafter background subtracted, normalized in the post-edge region and fitted using the same models as described in Ref. 6 . The method of averaged spectra improves the signal to noise ratio and is therefore preferable here for studying the influence of plural scattering.
It is assumed that the effect of the plural scattering can be modelled by a convolution of a net (single scattering) near-edge spectrum with the spectrum from the low-loss region, 12 as illustrated in Fig. 1 . An L 3 peak at energy-loss E L3 is convoluted with the low-loss spectrum, which has a double-peak structure: an intense zero-loss peak (ZLP) and a relatively weak plasmon peak at E PL .
Result of this convolution is again a double-peak structure with main peak at E L3 and an additional peak at E PL + E L3 . The latter appears due to double excitation events, i.e., when one fast electron excites a plasmon and a L 3 core-level transition. The energy-integral of this additional peak is proportional to the intensity of the L 3 peak and to the ratio k of energy-integrals of plasmon peak (A P L ) and ZLP (A ZLP ), k = A P L /A ZLP . It is important to observe that if this peak overlaps with the L 2 edge, then the L 2 edge is enhanced by low-loss inelastic scattering events accompanying the L 3 excitation.
The low-loss spectra, measured from the bcc-Fe sample at four different thicknesses, are shown in Fig. 2 . Note that the peak-to-peak ratio between the plasmon peak and the ZLP is only around 1%. However, the spectral integral of the plasmon region (within the energy-loss range 10 to 35 eV) is approximately 10% and 12% of the ZLP area at thicknesses t/λ = 0.18 and 0.23, respectively (t is thickness and λ is the mean free path 17 ). Note that the E P L is approximately at 22 eV with full-width at half-maximum above 20 eV, Fig. 2 , and the energy difference of L 3 and L 2 edges in Fe is cca 13 eV. Therefore in bcc-Fe the plasmon excitations accompanying the L 3 excitation indeed overlap with the L 2 peak.
A simplified estimation of the influence of plural scattering on the m L /m S ratio can be obtained in the following way: the convolution of near-edge spectra with low-loss spectra enhances the L 2 peak proportionally to the ratio k and the intensity of the L 3 edge. 18 Assuming that symmetry conditions for detector positions required by the EMCD sum-rules 2 are fulfilled, the spectra at detector positions + and -are schematically given by:
where N, M denote the non-magnetic and magnetic component of the signal, indices 1 and 2 correspond to lower and higher energy-loss edges, respectively. For late transition metals M 1 and M 2 have typically opposite signs. The EMCD difference spectrum is, consequently:
The effect of plural scattering does not cancel out when taking the difference spectrum because of the different intensity of the magnetic terms for the two detector positions.
When we insert the energy integrated values for individual edges into the sum-rule expression for the m L /m S ratio,
2 we obtain after some algebra the relation between 'clean' m L /m S value, u, and the 'convoluted' one,ũ:
where L orbital quantum number of final states (L = 2 for p → d and
the plural scattering has no influence on m L /m S ratio, i.e., u =ũ. It can be shown that the value u = By expanding into first order in k and omitting a term proportional to the square of the clean m L /m S ratio (negligible for late transition metals) we obtain simpler equations for L 2,3 edges:
or correspondingly
The second term in Eq. (6) predicts that if k = 10%, then the m L /m S ratio obtained by straightforward application of sum rules is enhanced by 0.022. The factor in parentheses has a smaller effect under the assumptions made here, giving an enhancement by ca. 13%. Applying Eq. (6) to the value obtained in Ref. 7 (m L /m S ) conv. = 0.08 leads to (m L /m S ) clean = 0.05, which is a considerable change. Figure 3 shows the prediction of Eq. (6) for different strengths of the plasmon region, k, thus revealing the relation between convoluted and deconvoluted (clean) (1 + x)/(1 − 2x), which is shown in Fig. 3b .
To study the effect on a quantitative level, we performed a plasmon removal procedure on our experimental data taken in the 3BC orientation. Fourierratio deconvolution 12,13,14 was performed in Digital Micrograph TM , using a zero-loss modifier as reconvolution method. To test the sensitivity of the extraction of the data we positioned the set of boxes first at the Thales circle positions, 1 and subsequently at the optimal positions with maximum relative dichroic signal.
7 Each set comprises of four spectra, one in each quadrant of the diffraction plane. It should be noted that the ZLP could not be acquired under exactly the same illumination conditions as the near-edge spectra due to very high intensity of the electron beam in the telefocus mode 6 , which could damage the CCD camera.
In Fig. 4a we show the averaged spectra from all four quadrants at the optimal positions. Optimum position- ing of the box in combination with the double difference procedure results in a strong EMCD signal, reaching almost 30% of the L 3 edge peak height. Analyzing this signal by means of peak-fitting as described in Ref. 6 we obtain (m L /m S ) conv. = 0.09, in agreement with the value of Ref. 7 where the value was extracted from m L /m S ratio maps. Figure 4b shows the same spectra after plasmon removal using the low energy-loss spectrum measured at t/λ = 0.23, which corresponds to the sample thickness at which the data were obtained. The resulting change is relatively weak, as could be expected taking into account the small plasmon area as compared to the ZLP. However, the higher energy-loss tails end at an intensity of approximately 0.85 instead of unity as in the normalized spectra of Fig. 4a . Figure 4c displays the effect of plasmon removal as a difference between spectra from panel a) and panel b). The onset of the enhancement starts approximately at 10 eV above the onset of the L 3 edge, in agreement with the low energy-loss spectra, Fig. 2 , where the 0-10 eV region is dominated by the ZLP. At about 723 eV there is a shoulder which originates from the same feature of the plasmon peak at around 15 eV. The broad humps around 735 eV and 750 eV are derived from L 3 and L 2 edges smeared by the wide plasmon peak. These features are, compared to L 2,3 peak positions, shifted up in energy by approximately 20-25 eV. This shift is associated to the position of the plasmon peak, around 22 eV above zero energy-loss. Since the plasmon removal will alter also the doublestep background, 6 which in turn can influence the L 3 edge area, we applied the peak fitting procedure described in Refs. 6,7 to deconvolved spectra, Fig. 4b . The results are summarized in the Table I . There we show m L /m S values in 3BC orientation, using a square integration box of 0.5G 200 × 0.5G 200 at optimal placement and Thales circle positions, prior to and after the plasmon removal. The up-down difference for left and right side refers to the use of a horizontal mirror axis. 6 The double difference combines both horizontal and vertical mirror axes. 7 It effectively cancels out deviations in the m L /m S ratio, induced by asymmetry and misalignments in the experiment.
6,10 After plasmon removal we obtained for bcc-Fe a m L /m S ratio of 0.04 ± 0.01 in this setup.
We checked the method on the only other EMCD m L /m S value available in the literature, the hcp-Co 8 . We estimate that for a 18 nm thick hcp-Co sample, the value for k (in the same energy range 10-35 eV) would be ≈ 0.1. Applying the Eq. 5 on value (m L /m S ) conv = 0.14 gives (m L /m S ) clean = 0.10, which agrees with XMCD value 0.095 9 within its error bar. We have demonstrated that the plural scattering has a non-negligible influence on quantitative information extracted from EMCD spectra. Therefore, a measurement of the low energy-loss spectra and subsequent plasmon removal from the near-edge spectra is a necessary part of the quantitative EMCD analysis. A qualitative formula for estimation of the error introduced by plural scattering was derived. The correction is found to scale approximately linearly with the ratio of spectral integrals of the plasmon region and ZLP. By applying the plasmon removal procedure to spectra measured in Ref. 7 we obtain m L /m S = 0.04 ± 0.01, which is in good agreement with values 0.043 and 0.044 obtained by XMCD 9 and gyromagnetic ratio 15 , or 0.062 by neutron scattering experiments 16 respectively. This work was supported through the Swedish Research Council (VR), Knut and Alice Wallenberg foundation (KAW), Göran Gustafsson foundation, and STINT.
